The niche is a conserved regulator of stem cell quiescence and function. During ageing, stem cell function declines. To what extent and by what means age-related changes within the niche contribute to this phenomenon are unknown.
Pax7-expressing (Pax7 1 ) satellite cells function as an essential stem cell population capable of extensive self-renewal and skeletal muscle repair 1-6 . During ageing, the regenerative capability of muscle is hampered owing in part to impaired satellite cell function 7 . Exposure to a young environment or manipulation of growth factors, which promote proliferative expansion or myogenic progression, can partly restore the proliferation and differentiation of aged satellite cells [8] [9] [10] [11] [12] [13] . However, aged skeletal muscle also demonstrates a notable decline in the number of Pax7 1 satellite cells under homeostatic conditions 10, 13, 14 . The signalling cascades responsible for regenerative decline in aged muscle have been intensively investigated 9, 11, 15 ; in contrast, the mechanisms driving satellite cell depletion with age remain unknown.
In invertebrates, age-associated changes in the niche have been shown to cause a decline in stem cell number and function 16, 17 . In mammals, the stem cell niche is a critical factor in the maintenance of quiescence, a reversible state of growth arrest crucial to the preservation of adult stem cell number and function 18, 19 . Satellite cells are located along the length of the muscle fibre in close contact with the plasma membrane and beneath the basal lamina 20 . The association of adult satellite cells with mature muscle fibre is of vital importance to the maintenance of satellite cell quiescence during homeostasis 21 . Therefore, the muscle fibre is considered to be a component of the satellite cell niche. In this work, we sought to investigate the influence of ageing on the satellite cell niche and its impact on satellite cell homeostasis.
Results
Aged satellite cells cycle more frequently during homeostasis During ageing, the number of Pax7 1 satellite cells declines ( Supplementary Fig. 1a-h) . Preservation of the quiescent state is a fundamental process that maintains the number and function of selfrenewing stem cells 22 . We tested whether muscle stem cell quiescence was disrupted during ageing under homeostatic conditions. The proliferative output of satellite cells throughout life was assessed on the basis of label retention (label retaining cells, LRCs). For this purpose, adult transgenic mice harbouring a histone2B/green fluorescent protein (GFP) reporter driven by a tetracycline (TetO)-inducible transactivator (TetO-H2B-GFP mice) were fed the TetO analogue doxycycline (Dox) for six weeks to transiently activate H2B-GFP and chased for 20 months to monitor proliferative output 23 (Fig. 1a ). During the chase period, the satellite cell pool cycled heterogeneously, with at least two distinct populations based on H2B-GFP intensity: an LRC population (,35%; higher intensity) and a non-LRC population (,65%; lower intensity).
We next determined whether the rate of satellite cell cycling differed between adult and aged H2B-GFP mice during a 12-week chase (Fig. 1b ). In comparison with adult satellite cells, aged satellite cells demonstrated a more pronounced dilution of the H2B-GFP label, suggesting that aged satellite cells spend less time in a quiescent state. As confirmation of disrupted quiescence, we observed increased numbers of bromodeoxyuridine-expressing (BrdU 1 ) satellite cells ( Fig. 1c, e ) and an increase in aged cycling (Ki67 1 ; Ki67 also known as Mki67) satellite cells compared with adult ( Fig. 1d, f) . On the basis of the transcriptional analysis of sorted satellite cells, MyoD (Myod1), a marker of cycling satellite cells, was higher ( Fig. 1g ). In contrast, quiescent markers p27 and Spry1 (ref. 6) were lower in aged satellite cells relative to adult (Fig. 1h ). Therefore, aged satellite cells lose their ability to retain a quiescent state in vivo. potential [24] [25] [26] (Pax7) and gain markers of differentiation (Myogenin, Myog) 27 and apoptosis (aCasp) ( Fig. 2g -i). Thus, fewer satellite cells in aged muscle retain robust self-renewal potential after cell cycle entry.
We next asked whether the relative proliferative output between aged LRC and non-LRC subsets influenced satellite cell phenotypes. Consistent with a more quiescent primitive state, aged LRCs displayed increased expression of Pax7, Spry1 and p27 and decreased expression of Myf5 compared with non-LRCs ( Fig. 2j ). After 4 days in vitro, aged non-LRC satellite cells displayed reduced cell growth ( Fig. 2k ), Pax7 expression ( Fig. 2l ) and an increase in MyoG expression compared with aged LRC satellite cells ( Fig. 2m ). Apoptosis was not different between aged LRC and non-LRC satellite cells ( Fig. 2n ). Next, aged LRC and non-LRC satellite cells were transplanted into adult, preinjured, Dox-fed recipients and allowed to recover for 30 days (Fig. 2o ). LRC satellite cells seeded approximately threefold more satellite cells and differentiated myonuclei than did non-LRC transplant recipients (Fig. 2p , q). Together these data demonstrate that under homeostatic conditions the satellite cell pool is functionally heterogeneous when judged on the basis of proliferative history and that maintenance of quiescence is vital to retain self-renewal potential throughout life.
Induction of niche-derived Fgf2 disrupts stem cell quiescence
The stem cell niche is essential for quiescence and maintenance of the stem cell pool 17, 19 . We asked whether disrupted quiescence was due to changes in the aged muscle stem cell niche, the muscle fibre 21 . Members of the FGF family of ligands are well-characterized growth factors that are known to possess potent satellite cell mitogenic activity 28, 29 . We performed an RT-qPCR array of FGF ligands, in aged and adult purified single muscle fibres. Only five FGF genes were expressed in single muscle fibres and Fgf2 underwent the greatest fold increase in aged fibres ( Fig. 3a and Supplementary Fig. 3a, b ). We next used in situ hybridization to analyse Fgf2 expression ( Fig. 3b ). Fgf2 was observed in restricted regions along the length of aged muscle fibres, 
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some in close proximity to satellite cells ( Supplementary Fig. 3c ).
In addition, we observed a notable increase in Fgf2 protein underneath the basal lamina in aged skeletal muscles relative to adult, whereas Fgf2 was not detected in adult or aged satellite cells (Fig. 3c, d and Supplementary Fig. 2d, e ). Moreover, aged muscle had fewer Fgf2 1 interstitial cells than did adult muscle ( Supplementary Fig. 2f -h).
Together these results demonstrate that the aged satellite cell niche, the muscle fibre, is the principal source of Fgf2.
To identify soluble muscle-fibre-derived factors that signal to satellite cells, we isolated purified single muscle fibres, washed them multiple times to minimize interstitial cell contamination and extracted soluble fractions (hereafter termed purified myofibre extract (PME)) ( Fig. 3e and Supplementary Fig. 4a-e ). PME diluted in basal medium was incubated with quiescent satellite cells ( Fig. 3f , g and Supplementary Fig. 4i ) and Pax7 1 satellite-cell-like reserve cells (RSCs), a model of reversibly quiescent satellite cells 30 ( Supplementary Fig. 4i , k), and assayed for cell cycle entry. In comparison with adult PME, aged PME increased the fraction of adult and aged quiescent cells that began to cycle ( Fig. 3f and Supplementary Fig. 4i ), but did not affect apoptosis ( Supplementary Fig. 4f ). In contrast to PME, aged serum did not induce cell cycle entry 12 ( Supplementary Fig. 4g ). Moreover, aged interstitial cell extract did not induce cell proliferation (Supplementary Fig. 4d, e ). Collectively, these results demonstrate that the proliferative activity of satellite cells is induced by aged muscle-fibre-derived factors.
To test whether Fgf2 was responsible for the altered biological activity of aged PME, the extract was treated with a blocking antibody against Fgf2 (Fgf2bl) or with Fgf2, before incubation of satellite cells (Fig. 3e, f and Supplementary Fig. 4h ) and RSCs (Supplementary Fig. 4j , k). Fgf2 added to adult PME was sufficient to break quiescence, and neutralization of Fgf2 activity prevented aged-PMEinduced cell cycle entry ( Fig. 3f and Supplementary Fig. 4h , j, k). Therefore, the increased abundance of soluble muscle-fibre-derived Fgf2 in aged muscle leads to a loss of quiescence in aged satellite cells.
To confirm that the active components of the PMEs signal through FGF receptors, we pre-treated quiescent satellite cells and RSC cultures with the Fgfr1 inhibitor SU5402 (Fgfr1i) before PME exposure. Fgfr1i treatment prevented aged-PME-induced cell proliferation ( Fig. 3g and Supplementary Fig. 4l ). In addition, proliferation of quiescent Cre-adenovirus-treated RSCs cultured from Fgfr1 flx/flx satellite cells was abolished in the presence of Fgf2 and aged PME relative to control cultures ( Supplementary Fig. 4m ). In contrast, Fgfr1i treatment and deletion of Fgfr1 did not alter proliferation of satellite cells or RSCs cultured with adult PME. Therefore, agedmuscle-fibre-derived Fgf2 signals through Fgfr1 to promote satellite cell loss of quiescence.
To determine whether aged satellite cell quiescence was regulated through FGF signalling in vivo, we asked whether long-term administration of Fgfr1i would prevent satellite cell proliferation ( Fig. 3h -j). After six weeks of Fgfr1i treatment, the fraction of BrdU 1 satellite cells from aged muscle was indistinguishable from that from adult control muscle ( Fig. 3i ). Moreover, the increased apoptosis observed in aged satellite cells was attenuated ( Fig. 3j ). These results demonstrate that increased FGF signalling is a major contributor to the loss of stem cell quiescence and possibly stem cell depletion during ageing under homeostatic conditions. Satellite cell quiescence in the niche is sensitive to FGF signalling We next asked whether quiescent satellite cells were sensitive to increased levels of FGF signalling from the niche. The genes in the sprouty family function as downstream targets and negative-feedback modulators of the FGF signalling cascade 31, 32 . Comparison between sprouty genes revealed that Spry1 expression, unlike that of other sprouty genes, was decreased by Fgf2 (ref. 33 ; Supplementary Fig. 5a ) and enriched in aged LRCs compared with non-LRCs (Supplementary Fig. 5b ). These data are consistent with high levels of Spry1 expression in quiescent satellite cells and RSCs 19 . To assess whether lower levels of Spry1 in non-LRC satellite cells was due to an increased number of Spry1 2 cycling cells 6 , we analysed Spry1 transcriptional activity at the single-cell level using aged H2B-GFP; Spry1 lacZ1/2 mice 6, 34 . We observed a reduction in b-galactosidase staining intensity in aged quiescent non-LRC relative to LRC satellite cells and a relatively low number of cycling LRC and non-LRC satellite cells ( Supplementary  Fig. 5c-g) . Therefore, aged quiescent satellite cells with a limited proliferative history are enriched for the FGF inhibitor Spry1.
To manipulate Spry1 levels in satellite cells, we used Pax7-CreER TM crossed with an inducible loss-of-function allele 6 (Spry1 flx , to create 
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Spry1null cells) and a gain-of-function allele 35 (CAG-GFP flx Spry1, to create Spry1OX cells), to increase and decrease FGF signalling, respectively. Tamoxifen (Tmx) was administered to Spry1null and control adult mice, and 10 day later sorted satellite cells were cultured for 24 hours in Fgf2, or PME alone, and in combination with Fgf2bl or Fgfr1i. Consistent with our hypothesis, a larger fraction of Spry1null satellite cells entered the cell cycle in the presence of Fgf2 (Supplementary Fig. 6a ) and aged PME ( Supplementary Fig. 6b ) than did in control satellite cells. Moreover, the loss of quiescence induced by aged PME in Spry1null satellite cells was prevented in the presence of Fgf2bl and Fgfr1i ( Supplementary Fig. 6b, c) . In contrast, aged-PME-induced proliferation was prevented in Tmx-treated Spry1OX satellite cells compared with controls ( Supplementary Fig. 6d ). In support of these findings, proliferation of quiescent Cre-adenovirus treated RSCs cultured from Spry1 flx/flx satellite cells was augmented in the presence of Fgf2 and aged PME relative to control cultures ( Supplementary Fig. 6e, f) . In contrast, proliferation induced by Fgf2 and aged PME was abrogated in Cre-adenovirus-treated RSC cultures from Spry1OX satellite cells ( Supplementary Fig. 6g, h) .
Together these results demonstrate that Spry1 levels modulate Fgf2 signalling to maintain muscle stem cell quiescence in vitro.
To test the requirement of Spry1 for maintaining satellite cell quiescence in vivo, we administered Tmx to adult and aged control and Spry1null mice to delete Spry1 (ref. 6; Fig. 4a ). This approach efficiently deletes Spry1 and increases a downstream transcriptional target of FGF signalling, Erm (Etv5), in vivo ( Supplementary Fig. 7) . After a short-term deletion of Spry1, the number of Pax7 1 cells ( Fig. 4b ) and the percentage of cycling Pax7 1 cells (Fig. 4c ) were significantly increased in Spry1null mice relative to control aged mice, consistent with loss of quiescence. This effect was abrogated in the presence of Fgfr1i (Fig. 4b) , thus providing further confirmation that Spry1 modulates levels of FGF signalling in aged satellite cells. In contrast to aged mice, deletion of Spry1 in adult mice did not alter satellite cell number, consistent with a low level of Fgf2 in these mice.
To define further the loss of quiescence after increased FGF signalling under homeostasis, we assessed BrdU-LRC, which is a measure of slow-dividing stem cell behaviour 36 in adult and aged Spry1null and control mice (Fig. 4d ). Comparison of chased adult control and Spry1null mice revealed no shifts in the fraction of BrdU-LRC satellite cells. In contrast, the fraction of BrdU-LRC satellite cells decreased in aged Spry1null mice relative to aged control mice. Therefore, short-term deletion of Spry1 in aged satellite cells leads to loss of quiescence. To determine whether Spry1 was sufficient to inhibit satellite cell proliferation in aged muscle, we analysed aged and adult Spry1OX and control mice (Fig. 4e ). Both Spry1OX and control mice received Tmx at 18 months of age, were fed BrdU at 21 months and were killed at 23 months. In comparison with aged control, fewer aged Spry1OX satellite cells incorporated BrdU, consistent with maintenance of satellite cell quiescence (Fig. 4e ). These results demonstrate that Spry1, expressed specifically in satellite cells, is sufficient to dampen FGF signalling in the aged niche to maintain cellular quiescence.
Prolonged FGF signalling drives satellite cell depletion
We proposed that loss of quiescence driven by an increase in agedniche-derived Fgf2 signalling was contributing to satellite cell depletion during ageing. To test this, we performed long-term Spry1deletion experiments to increase FGF signalling specifically in satellite cells throughout adult life. Spry1null and control mice were administered Tmx and analysed 18 months later (Fig. 5a ). Compared with aged controls, the number of satellite cells decreased by ,50% in aged Spry1null muscle. We next deleted Spry1 in aged satellite cells, that is, on age-induced Fgf2 increases in the niche (Fig. 5b) , and analysed satellite cell number six weeks later. Compared with aged controls, aged Spry1null mice had 50% fewer satellite cells. When cultured, aged Spry1null satellite cells were more prone to differentiation and apoptosis than were aged control cells ( Supplementary  Fig. 8 ). Together these data demonstrate that aged-niche-induced FGF signalling leads to an initial loss of quiescence followed by a depletion of the stem cell pool. In contrast, satellite cell number was twofold higher in aged Spry1OX mice than in aged controls (Fig. 5c ). Therefore, levels of FGF signalling induced by the aged niche mediate satellite cell pool size in homeostatic conditions. The observed correlation between diminution of the satellite cell pool 13, 14 (Supplementary Fig. 1 ) and regenerative delay during ageing 7 prompted us to ask whether further diminution of the aged satellite cell pool, achieved by Spry1 disruption in aged satellite cells, impairs muscle regenerative capacity (Fig. 5d ). Six weeks after Tmx delivery, aged control and Spry1null muscle were injured and left to recover for 30 days. In aged control mice, muscle regenerative capacity based on myofibre size was reduced by 15% compared with uninjured contralateral muscle. In aged Spry1null mice, the myofibre size of regenerated muscle was 50% smaller than the contralateral control (Fig. 5e ). To confirm that the regenerative decline was related to satellite cell loss, we injured aged Spry1null mice 10 days after Tmx administration, when the number of Pax7 1 cells had increased owing to the initial loss of quiescence ( Supplementary Fig. 9 ). In contrast to long-term Spry1 deletion, after short-term Spry1 deletion muscle fibre size was greater in regenerating aged Spry1null mice than in aged controls ( Supplementary Fig. 9 ). Therefore, the exacerbated loss of the satellite cell pool due to a longer-term increase in FGF signalling in aged uninjured muscle becomes limiting on regeneration. 
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Finally, to test the impact of long-term inhibition of FGF signalling in response to injury, we injured adult and aged mice after six weeks of Fgfr1i administration ( Supplementary Fig. 10 ). Thirty days after injury, muscle fibre size was 30% smaller in Fgfr1i-treated compared with controls, suggesting that repression of FGF signalling inhibits myofibre repair 37, 38 . In contrast, the number of self-renewing satellite cells was greater in aged Fgfr1i mice than in controls. This result demonstrates that repressing Fgfr1 signalling during ageing improves the self-renewal capacity of satellite cells during regeneration.
Discussion
Our data demonstrate that increased levels of FGF signalling directed from the aged satellite cell niche lead to the loss of quiescence and depletion of the resident stem cell population, which eventually diminishes muscle regenerative capacity ( Supplementary Fig. 11 ). The discovery that aged satellite cells break quiescence under homeostatic conditions was surprising considering their proliferative disadvantage in high-mitogen regenerative contexts 39 . In support of our data, aged haematopoietic stem cells are more active in the aged niche 40, 41 . It is possible that a consequence of ageing across stem cell niches is their inability to retain stem cells in a quiescent state.
Functional heterogeneity within the adult satellite cell pool is becoming more apparent 26, 42, 43 . Our results show that the aged satellite cell compartment is composed of highly functioning LRC subsets and non-LRC subsets, that self-renew poorly and tend to differentiate, demonstrating that retention of quiescence is essential for maintenance of stem cell function. Quiescence of adult satellite cells is regulated at multiple levels [44] [45] [46] . Satellite cells that retain a more quiescent phenotype and maintain stem cell function express higher levels of the FGF inhibitor Spry1. Therefore, feedback inhibition of niche-derived signals may be a means to promote satellite cell maintenance with age.
The systemic environment has a significant role in satellite cell proliferation in vitro and during repair. The young systemic environment stimulates satellite cell proliferation; the aged systemic environment inhibits satellite cell proliferation 9,12 . We have showed here that the aged satellite cell niche becomes stimulatory, driving satellite cells out of quiescence, suggesting that the niche is dominant during homeostasis. However, in the context of injury, the relationship between niche and systemic signalling is disrupted, owing to injuryinduced niche (muscle fibre) degeneration. Such disruption potentially creates a permissive state for the systemic environment to exert its influence on satellite cells.
To our knowledge, this is the first identification of a ligand that specifically increases within a mammalian aged niche that can promote breaks in quiescence leading to declines in stem cell function and number during homeostasis. The reasons for the increase in Fgf2 are not known. We speculate that Fgf2 induction is a cell-autonomous response as an attempt to repair the aged muscle fibre, akin to the induction of FGFs during development and regeneration to promote myogenic commitment and differentiation 37, 38, [47] [48] [49] [50] . Strategies to prevent chronic Fgf2 production from the aged niche or repress FGF signalling at the level of the aged satellite cell may reduce stem cell loss during ageing.
METHODS SUMMARY
To monitor proliferative history of satellite cells, adult and aged TetO-H2B-GFP mice received Dox (1 mg ml 21 supplemented with 5% sucrose in drinking water) for six weeks 23 . Alternatively, mice were fed BrdU (Sigma; 0.5 mg ml 21 supplemented with 5% sucrose in drinking water). Some mice were immediately killed whereas others were given normal drinking water to allow chase of BrdU or H2B-GFP labelling before isolation of satellite cells. For satellite cell transplantation studies, after six weeks of Dox feeding 2,000 satellite cell events were purified by fluorescence-activated cell sorting and reconstituted in 50 ml PBS for direct intramuscular delivery into pre-injured (with 1.2% BaCl 2 ) host C57BL/6 tibialis anterior muscle. Host mice were re-fed Dox (1mg ml 21 in 5% sucrose in drinking water) to maintain H2B-GFP labelling during the 30-day regeneration period. Subsequently, muscle was prepared for analysis. For immunohistological analysis, 10-mm-thick transverse sections were obtained for every 200 mm region to identify H2B-GFP 1 regions. Counts of H2B-GFP 1 myonuclei and Pax7 cells were obtained and summed from six consecutive 10-mm sections per transplant, taken over three regions. 
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METHODS
Animals. C57BL/6 mice were obtained from Jackson Laboratories and the National Institute on Ageing. Mice were used at 4-8 months of age (adult) or 22-24 months of age (aged). Mice carrying the Spry1 gene flanked by a pair of loxP sites (Spry1 flx ) were used for satellite-cell-specific deletion studies 6,51 . Mice carrying a transgene encoding a Cre-inducible expression construct for Spry1 controlled by a chicken b-actin gene (CAG) promoter (Spry1OX) were used for satellite-cell-specific overexpression studies 35 . Mice carrying one copy of the lacZ gene encoding b-galactosidase inserted into the Spry1 coding region (Spry1 lacZ1/2 ) were used to examine Spry1 transcriptional activity 34 . Mice carrying the Fgfr1 gene whereby exons 8 to 14 are flanked by loxP sites (Fgfr1 flx/flx ) were used in RSC-deletion studies 52 . Spry1 flx/flx or Spry1 OX/OX mice were crossed with Pax7-CreER TM mice 53 to generate Pax7-CreER TM ; Spry1 flx/flx (Spry1null) or Pax7-CreER TM ; Spry1 OX/OX (Spry1OX) mice and control (Ctrl (-CreER)) littermates. Mice for Cre/lox inducible experiments were maintained on a FVB background. TetO-H2B-GFP mice 23 and were backcrossed onto a C57BL/6 background. TetO-H2B-GFP mice were crossed with Spry1 lacZ1/2 mice to generate TetO-H2B-GFP; Spry1 lacZ1/2 (H2B-GFP; Spry1 lacZ1/2 ) mice. Unless otherwise stated, 4-6 mice were used per condition. Animals were housed and handled in accordance with the guidelines of the MGH subcommittee for animal research.
In vivo cell division analysis. To assess cell proliferation and label retention character, aged and adult C57BL/6, Ctrl, Spry1null and Spry1OX mice were fed BrdU (Sigma) (0.5 mg ml 21 supplemented with 5% sucrose) continuously for six weeks. For label retention studies, Spry1null mice were given three daily intraperitoneal injections of Tmx 51 (diluted in corn oil (Sigma)) following BrdU loading and placed on regular drinking water to chase label. For cell proliferation and label retention studies, satellite cells were sorted, immediately plated and processed for immunostaining with Pax7 and BrdU antibodies after sodium citrate antigen retrieval 51 . For label retention studies, BrdU 1 satellite cells were classified as label retaining on the basis of quantification of BrdU fluorescent intensity 36 . The fluorescence intensity of BrdU signal obtained by Alexaconjugated 546 secondary antibodies was converted to grey-scale and quantified using Nikon Eclipse software. Briefly, images were taken with a 340 Plan Fluor objective using identical filter settings and gain and exposure values. Grey-scale intensity and background values were obtained for each cell image. The intensities after background subtraction were then converted to logarithmic values, binned into different categories and plotted with Microsoft Excel and Graph Pad Prism software. For all conditions, 300-600 cells were assessed. For transient H2B-GFP expression in vivo, Dox (Sigma) was added to the drinking water (1 mg ml 21 supplemented with 5% sucrose) of aged or adult TetO-H2B-GFP mice for six weeks. Some mice were immediately killed whereas others were given normal drinking water to allow chase of H2B-GFP label before isolation of satellite cells.
In vivo pharmacological inhibition. Prolonged pharmacological inhibition of FGF activity in vivo was conducted as previously described 54 . Initially, anion exchange resin beads (AG1x2, 200-400, CL, CAT# 1401251, BioRad) were reconstituted at a beads/PBS ratio of 1:2. Half of the PBS-bead mixture was pelleted at 2,400g for 5 mins. Pellets were then incubated with 500 mM SU5402 (Calbiochem) or an equivalent volume of vehicle (DMSO) for 60 min on a nutator at room temperature (25 uC) . Loaded pellets were washed in PBS and reconstituted into 50% w/v PBS before intraperitoneal injection of 300 ml into aged and adult mice using a 25G5/8 1-ml insulin syringe (BD Biosciences). After injection, mice were fed BrdU continuously for six weeks before isolation of satellite cells. Satellite cells were subsequently plated and processed for BrdU immunostaining via sodium citrate antigen retrieval 51 . For quantification, 300-600 cells were counted per condition. Satellite cell transplantation. Aged and adult TetO-H2B-GFP mice were fed Dox (1mg ml 21 , 5% sucrose) in drinking water continuously for six weeks to label satellite cells. After Dox feeding, 2,000 satellite cells were FACS purified and reconstituted in 50 ml PBS loaded using a sterile filtered pipette into 0.3-ml, 8-mm, 31-g, 30-unit ultrafine needles (BD Biosciences) for direct intramuscular delivery into host C57BL/6 tibialis anterior muscle that had been injured 1.5-days before with 1.2% BaCl 2 (Sigma). Host C57BL/6 mice after transplant were re-fed Dox (1mg ml 21 in 5% sucrose in drinking water) to maintain H2B-GFP label during the 30-day regeneration period after transplant. Subsequently, mice were killed and transplanted tibialis anterior muscles were dissected, fixed in ice-cold 4% PFA for 2 h and incubated overnight in 30% sucrose solution. From a subset of animals, muscles were teased apart into smaller pieces, visualized in whole mount and imaged with an inverted Nikon TS100 microscope with a 34 Plan Fluor objective. For immunohistological analysis, 10-mm-thick transverse sections were obtained for every 200-mm region. Sections were then processed with primary antibodies against Pax7 and laminin followed by incubation with goat anti-mouse 546, goat anti-chicken 647 and DAPI. Counts of H2B-GFP 1 myonuclei and Pax7 cells were obtained from six consecutive 10-mm sections per transplant taken over three regions. Obtained numbers were then averaged and compared between groups (see statistics). Three transplants were performed for each condition. All images were taken and processed with a Nikon Eclipse and Adobe Photoshop CS software. PME. Initially, forelimb and hindlimb muscles were cut into smaller longitudinal pieces and digested into single or smaller groups of muscle fibres (0.2% collagenase, DMEM) in a horizontal shaking water bath at 37 uC for 90 min (ref. 6). Isolated single muscle fibres were gentle triturated and repeatedly washed in PBS (36) to ensure removal of interstitial cells or other contaminating debris. Purified single fibres were then incubated in a high-salt extraction buffer (400 mM NaCl, 1 mM EGTA, 1 mM EDTA, 10 mM Tris, pH 7.5, 1mg ml 21 PMSF) to dissociate any ligands bound to receptors or the extensive basal lamina network of skeletal muscle fibres 55 . Dissected muscles in extraction buffer were further triturated with a glass Pasteur pipette to dissociate bound ligands. The muscle fibre mixture was centrifuged at 2,500g for 10 min to remove cytoskeletal and nuclear elements that compromise the majority of skeletal muscle fibre cytosol. The resultant supernatant was collected and spun at 375g for 5 min. Supernatant was then collected and transferred into Eppendorf tubes and spun at 16,500g for 30 min at 4 uC. The supernatant was pooled and subsequently drawn up into a 20-gauge syringe and filtered through a 0.45-mm filter into Amicon Ultra centrifugal filter columns (10,000 relative molecular mass cut-off; UFC901008, Millipore). Exchanges with PBS were done at 2,050g for 20 min until the solution was translucent and concentrated into a volume of approximately 1 ml PBS. Protein concentration and purity was determined with a nanodrop analyser.
To assess cycling-inducing activity, cultures of RSCs and satellite cells in basal medium (3% HS for RSCs and 5% HS for satellite cells in DMEM) were incubated with 10 mg total PME for 24 h. For inhibition of FGF activity, RSCs and satellite cells were incubated with 10 mM SU5402 or DMSO before incubation with PME. For Fgf2 neutralization, niche extracts were incubated with 15 ng ml 21 Fgf2bl (Millipore) for 1 h before being added to RSC or satellite cell cultures. Unless otherwise stated, three to five experiments were performed in triplicate and 300-600 RSCs or satellite cells were counted. PMEs were obtained from n 5 5 different aged and adult mice and examined. Single muscle fibre and myogenic cell preparation. Single muscle fibres and satellite cells were isolated as described elsewhere 24 . To generate RSC cultures 6,30 , low-passage primary myoblasts were plated in 1/500 ECM-coated eight-well Permanox chamber slides (Lab-Tek) at 80-90% confluency and maintained in growth medium (20% FBS, 5 ng ml 21 FGF2 in Ham's F-10). Subsequently, cells were switched to differentiation medium (3% HS in DMEM) for two days to allow the formation of myotubes and satellite-cell-like RSCs expressing Pax7 that had escaped differentiation and returned to a quiescent state 30 . RSC cultures were then treated with appropriate PMEs (described above) for 24 h. For adenovirus experiments (see below), cells were infected after formation of myotubes and RSCs and allowed to recover for 24 h before treatment with extracts. Activation of Cre recombinase. Cultures of RSCs were infected with either Ad5CMVCre-eGFP or Ad5CMV-eGFP-control adenovirus (Gene Transfer Vector Core, University of Iowa) for 1.5 h at 37 uC. Cells were washed in PBS and incubated in fresh differentiation medium for an additional 48 h. Aged and adult mice were given intraperitoneal injections of Tmx 6 . Fluorescence-activated cell sorting. To obtain highly purified myogenic cells, mononucleated cells were isolated from uninjured and regenerating muscle as described previously 6 , with modifications. Cells were incubated in sorting medium (10% HS, in Ham's F-10) for 10 min and then incubated in biotinconjugated anti-VCAM1 (Novus) and anti-mouse integrin-a7 (MBL) for 30 min. Cells were washed in sorting medium and spun at 375g for 5 min. Cells were stained in CD31-PE (BD Biosciences), CD45-PE (BD Biosciences), Pacific Blue (Invitrogen) and streptavidin-647 (Invitrogen) for 30 min. Myogenic cells had the following profile: VCAM1 1 , integrin-a7 1 ,CD31 2 ,CD45 2 ,PI 2 . Cells were sorted with FACS Aria (BD Biosciences). Histology and immunofluorescence. Cultures of RSCs, satellite cells and tibialis anterior tissue sections were fixed in 4% PFA for 5 min, washed and processed for immunohistochemistry as previously described 6 . For detection of Fgf2 in transverse orientation, sections were not fixed. For longitudinal sections, samples were processed for primary Fgf2 antibody before fixation. For BrdU detection, cultures of satellite cells, RSCs and tissue sections were fixed in 4% PFA, washed in PBS and then antigen-retrieved with sodium citrate buffer (10 mM, 0.05% Tween in PBS) at 95 uC for 30 min before immunostaining as previously described 51 . Reagents and antibodies. The antibodies used are as follows: rat anti-BrdU (1/500, Abcam), rabbit anti-Ki67 (1/500, Abcam), mouse anti-Pax7 (1/100, DSHB), rabbit anti-myogenin (1/250, Santa Cruz), cleaved caspase-3 (1/500, ARTICLE RESEARCH
